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Introduction

ECG is one of the most common signals used in
medical practice due to its noninvasive nature and the
information it contains. Several systems and various
automated approaches have been developed that use
computer technology to provide ECG diagnosis [1]. These
systems detect abnormalities and other features in the ECG
signal and produce a decision which helps the physician
when performing diagnosis. ECG decision support system
can serve as a diagnostic tool for specific cardiac
anomalies such as myocardial ischaemia and arrhythmia.

Practically all these systems are based on single or
aggregate mathematical models [2], which often combine
sub-systems, based on IF-THEN rules, fuzzy logic, genetic
algorithms, Bayesian and neural networks, etc. There are
two main types of decision support systems: knowledge-
based and non knowledge-based systems. These systems
also include parametric algorithms, for example, logistic
regression, Fisher linear discriminant and non-parametric
models as &k nearest neighbor.

In this paper we propose a knowledge-based decision
system, which is based on a variable, mathematically
described model of Mealy and Moore automata, combined
with two iterative mathematical algorithms — Hankel
matrix and discriminant calculation.

The aim of both these algorithms is to detect changes
in complexity of ECG parameter sequences performing
real time calculation of it. If complexity is out of its
physiological bounds — performed procedure is suspended.
Mealy and Moore automata convolution in similar context
was previously proposed only for modeling the long
lasting functional state of healthiness dynamics [3] and for
mobile ECG and motion activity monitoring [4]. Moore
and Mealy automata convolution was also effectively used
in the modeling of service and telecommunication
systems[5].
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Mealy and Moore automata convolution

While performing complex calculations with many
system parameters, mathematical formalization and
automation is needed. In order to achieve this goal we use
a special formation (convolution) of automata (Mealy and
Moore), see Fig.1. In such formation the output signal of
one automaton becomes the input signal of the other
automaton. Outputs, inputs and states of automata in
Mealy and Moore convolution form special time series,
which also can be analysed. Proposed automata
convolution has an advantage: different (fractal) levels of
the analysed dynamic system can be described involving
one Mealy and Moore automata convolution into the other
convolution, see Fig.1. Time moments of events should be
effectively synchronized in such formations.

ECG decision support system is interpreted as an
automata convolution. Moore automaton surjection f,

describes knowledge base. It includes a register of
physiologic norms, remarks of physician etc. Moore
automaton state set W depicts status of a patient including
foretime. Mealy automaton state set Z describes the
process of ECG parameters measurement of a patient.
Mealy automaton output (Moore automaton input) signal
set Y describes estimates of health according to current
ECG flow. These estimates are calculated in inner
subautomata convolution. Moore automaton output (Mealy
automaton input) signal set X describes instructions sent
to Mealy automaton. Moore subautomaton surjection f;

describes iterative algorithms of ECG analysis, which are
H-rank algorithm and special discriminant algorithm [6].

It is important to notice that automata state and signal
sets are infinite. In this case we extended automata for
modeling.

The convolution operates in such a way: the data
stream of ECG is obtained by Mealy subautomaton and
processed by Moore subautomaton. When enough data is



collected in Moore subautomaton for algorithms to deliver
analysis estimates, these estimates are passed to Moore
automaton for automatic evaluation and also for a
physician to observe. So, Moore automaton has two main
functions: to evaluate the analysis data itself and to serve
the operator with variuos types of alert signals.
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Fig. 1. Mealy and Moore automata convolution

The convolution of automata starts operating after the
initial states z, w{), wy are introduced. The implementation

of the work of automata is presented in Fig 2.
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Fig. 2. The implementation of the work of automata convolution

The presented model is changeable — we can easily
add new components (subautomata, states, surjections) to
describe the information streams in more details.

State and signal sets of automata convolution

Mealy automaton state set Z describes the process of
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ECG parameters measurement of a patient:

Z=N, N={0,12,..}. (1)
Input signal of Moore subautomaton is:
k
1 1 1 1
DORS®  pyrp®  RR® xM
- DORS®  pjTp®»  RR? x
" (2)
(n) () (n) (n)
DORS™  pjrp™  RRU Xl
k=123,....

Here m denotes the number of measured parameters, n —
the number of measurements of stagek. For current
system m=3 and n=1. Matrix ' is filled with input
data row by row. Each column of it contains the same type
of information.

Moore automaton (subautomaton) output and Mealy
automaton (subautomaton) input signal set describes
instructions sent to Mealy automaton:

xX'=x={,}. 3)

Here 0 stops the work of automata convolution, 1 —
continues the convolution.

Mealy automaton output signal set is as follows:

k
cpors®  cpirp®  crrR® cx
e CcDORS®  ¢cpJTp®  CRR® cx(? @
() () () ()
CcDORS™  cpJTp™ CRR™ o\
k=123,....

here m denotes the number of measured parameters; n —
the number of estimates (applied algorithms). In our
current system m =3 and n=2. First line of the matrix
represents estimates of H-rank algorithm, the second line
represents estimates of discriminant algorithm [6].

Moore automaton state set W depicts status of a
patient including foretime

wl(l) wg) ng) wid

(2) (2) (2) 2
w="1 "2 M w (5)
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nxm

is a decision matrix, where m denotes the number of
measured parameters and n represents evaluation states of
computed estimates. In current system decision matrix is
yet not conclusively formed.

Mathematical formalization of decision support system
by automata convolution

In this section we supply formal mathematical
description of the automata model.
Signal of output y’ of Mealy subautomaton is a

composite function of parameters of the specific ECG
derivation:



fi =10 fir- fi2k

fio DORS™" \i=z, if x;vx; =],
Inf, else;
o DITp i=z, if xvx =1, (6)
Inf, else;
In: RRider,izz;, if x;vx =1,
Inf, else.
Function, describing the state of Mealy

subautomaton, shows the number of ECG cycles already
obtained:

g 2 {zi+l, if x;vxi=l,
[+ Zi+l =

else.

i} (7)

It’s value changes only after output signal of Mealy
automaton is transmitted.
The signal of output of Moore subautomaton:

=[flo- S Sk
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Composite function, describing the state of Moore
subautomaton:

g =lgl0.gh1.802}
. |[DORSY" =[DORSY # DORSH", if vi = DORS";
&ro -
r [DORSY =[Inf] if v} =1Inf,
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rl -
gr2 {

[Ds1pl <linf} it yj=1nf,
here the symbol “#” denotes the concatenation operation;
symbol /nf defines the empty set.

(€))

[RR]der [RR]der#RRder ify, Rder;
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Composite function, describing the state of Moore
automaton:

[gVO &rl> sz]’

[C(DORS))" = [C(DORS) I # DORSE" , if y; = C(DORS){*";
{[C(DQRS) " =[C(DORS)E", if y; = Inf,
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{[C(DJTm =[cmp)l. if y; =inf. (10)

. {[C(RR)];’” = [CRRL #RR if v; = CRRY";

&ra -
? [CRR =[C(RR)" , if v, = Inf.
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The signal of output of Moore automaton:
x; =1, if [C(DORS)F" < threshold,
[C (DJTp)]l.der < threshold?2,

[C(RR)[" < threshold3,

else.

)

X :0,

Results

Model functionality is simulated in MATLAB and
C++ environments. In this section we will provide the
work and results of Moore automaton surjection f,. .

Surjection f, forms a special complexity profile,

evaluates it and supplies to the physician. Complexity
profile is a synchronous real-time calculation of
complexity for three ECG parameters of different fractal
levels, which differ significantly in measure scale: duration
of QRS complex — DQRS (300 ms), an interval from J
point till the end of wave T — DJTp (100 ms) and an
interval between R wave amplitudes — RR (1000 ms). RR
parameter belongs to the fractal level of a patient and
indicates the state of the whole organism. DJTp parameter
belongs to the fractal level of a heart and describes its
activity. DQRS parameter is duration of spread of arousal
in a heart. It belongs to the inner fractal level of a heart.

ECG cycle

Fig. 3. Complexity profile

For instance, load level of veloergometric test, heart
operation procedure or intensive physical activity influence
complexity profile, which is a register of patients’ status in
different fractal levels. Nevertheless, H-rank and
discriminant (dsk) should stay within established and
depending on null-level & physiological bounds that is to
be evaluated. Software provides real-time monitoring of
signal complexity and forms warning alert if H-rank or
discriminant coefficient is out of their established bounds.

Complexity profile is also supplied in convenient
visualization (Fig.3). In comparison with H-rank,
complexity profile formed by discriminant coefficients is
also provided for more accurate diagnosis, see Fig.4.
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Fig. 4. Complexity profile provided by discriminant coefficient
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